Leaf material from selenium accumulating plants was collected and analyzed for selenium to obtain a relative indication of selenium concentrations in soils and identify sites suitable for further soil study.
Selenium concentrations of 14 samples of leaf material from Astragalus oxyphysus ranged from 0.08 to 3.5 yg/g (micrograms per gram, dry weight) and had a median concentration of 0.25 yg/g. Five replicate samples of A. oxyphysus had a mean selenium concentration of 0.22 yg/g and a standard deviation of 0.07.
Selenium concentrations of 17 samples of leaf material from Atriplex lentiformis ranged from 0.08 to 7.5 yg/g and had a median concentration of 0.35 yg/g.
As a general guideline, the National Academy of Sciences recommends a maximum safe tolerance level of 2 yg/g of selenium in animal feeds. (Brown and Shrift, 1982) . Deverel and others (1984) described the distribution of selenium in the shallow ground-water system of the San Joaquin Valley, but were unable to draw any conclusions about selenium distribution near the western margin of the San Joaquin Valley or in the foothills of the interior Coast Ranges because of the great depth to ground water and the lack of suitable wells.
Purpose and Scope
The purpose of this report is to assess, on a reconnaissance basis, the areal distribution of selenium concentrations in selenium-accumulating plants in the interior Coast Ranges and the western San Joaquin Valley ( fig. 1) . This report provides an indication of where potentially toxic plants are found, and where seleniferous soils may occur. This report also includes a brief review of the occurrence of selenium in soils and plants and assesses if more detailed studies of this type are warranted. The scope of this report includes a description of the identification and collection of plant material for laboratory analyses. Ranching is the dominant land use in the foothills of the interior Coast Ranges, although much land remains unused.
The climate of the study area is arid and divided into two seasons (Harradine, 1950; Harradine and others, 1956 ). Average annual precipitation in the San Joaquin Valley ranges from 6 to 14 inches and increases from south to north.
The dry season extends from May to October and is characterized by low humidity and by daily maximum temperatures of 100 to 110°F.
The wet season extends from November to April; about 85 percent of the total precipitation occurs during the wet season. Fog in winter is common, and temperatures may occasionally dip below freezing. The only trees native to the San Joaquin Valley are willows and cottonwoods growing as phreatophytes along the banks of the San Joaquin River and other streams.
Under predevelopment conditions, the lower altitudes of the San Joaquin Valley were covered with a dense growth of tules and tule grasses; where soils are salty, salt grass, alkali bunch grass, and alkali sacaton dominated.
On the outer edges of the west-side alluvial fans, where the salt content is variable but still high, various species of saltbush (Atriplex spp.) predominate. Farther up the alluvial fans, annual grasses and associated herbaceous plants dominate.
The terraces and foothills of the interior Coast Ranges are treeless and support only a scant cover of annual grasses, herbs, and brush (Harradine, 1950) .
SELENIUM IN SOILS AND PLANTS
Selenium is widely distributed in the Earth's crust and has an average concentration of about 7x10 5 percent by weight. This is a low concentration about the same as that of cadmium and of antimony but less than that of gold (Cooper and others, 1974) .
Analyses
of several thousand soil samples from seleniferous areas in the United States indicate that the highest selenium concentrations are less than 100 yg/g and that the majority of these soils contain less than 2 ug/g of selenium (Rosenfield and Beath, 1964) . Similar studies in Canada indicate that soils from seleniferous areas contain between 0.1 and 6 ug/g of selenium (Byers and Lakin, 1939) .
Soil sampling to obtain quantitative data on the areal distribution of selenium is complicated because of variations in the vertical distribution of selenium within the soil profile (Lakin, 1972) , and because at any point within the soil profile, selenium may be (1) weakly adsorbed and readily exchangeable, (2) bound to carbonates, (3) bound to manganese and iron oxides, (4) bound to or incorporated in organic matter, (5) substituted within sulfur minerals, or (6) present in soil solution (U.S. Bureau of Reclamation, 1984) . In addition, selenium may exist in any of four oxidation states.
Direct sampling of soils to obtain quantitative data on the areal distribution of selenium and an indication of the amount of selenium, which may be mobilized by agricultural drainage water, may require many samples throughout the soil profile and the determination of how selenium is stored in the soil at each sample location within the soil profile.
The chemical form in which selenium is available affects selenium uptake by plants.
Generally, selenate is more readily absorbed than selenite, and calcium selenate more than sodium selenate (Moxon and others, 1950) .
In addition, an abundant source of selenium available to plants is the recycling of organic selenium from decomposed seleniferous vegetation.
Thus, it is not possible to obtain a quantitative relation between selenium in plant tissues and selenium in the soil.
Assessments of selenium concentrations in soil made on the basis of plant-material analyses are qualitative, and are best used to indicate areas suitable for further soil studies.
Certain plants are known to accumulate selenium from soils and to concentrate it in their tissues.
Plants that accumulate selenium may be divided into two categories:
obligate and facultative accumulators (Kingsbury, 1964) . A third category, nonaccumulators, includes all plants that do not accumulate selenium.
Obligate accumulators are plants that grow only where soils contain enough selenium to support the metabolic needs of the plant. The presence of an obligate selenium accumulator is evidence of seleniferous soils.
In one study samples of plant material from obligate accumulators of the genera Astragalus and Stanleya that were collected from seleniferous soils in Wyoming had sele-nium concentrations ranging from 3,939 to 199 yg/g with an average concentration of 689 yg/g (dry weight) (Cooper and others, 1974) .
Facultative accumulators are plants that can accumulate selenium in their tissues but can also grow in soils that contain little or no selenium.
Some species in the genera Astragalus, Atriplex, Grindelia, and Grayia are facultative accumulators. In general, obligate accumulators concentrate selenium relative to the soil they are growing in by a factor of 1,000, facultative accumulators by a factor of 100, and nonaccumulators by a factor of 1 to 10 (Kingsbury, 1964 Reviews of toxicity problems associated with selenium are available in Cough and others (1979) , National Academy of Sciences (1980), and Cooper and Clover (1974) .
Trelease and Beath (1949) present a history of selenium poisoning which goes back to 1857 in South Dakota and perhaps to 1295 in an area of western China described by Marco Polo. The description of the disease symptoms, such as sloughing hooves, leaves little doubt that many of these cases were the result of selenium intoxication. Acute poisoning of cattle and sheep occurs when herds are driven long distances from one pasturage to another. Animals, under these conditions eat forage indiscriminately and many may die overnight (Lakin, 1972) .
In such cases, there may be some confusion between selenium toxicity and death from other toxic vegetation.
Church and others (1971) summarized numerous studies and reported that acute selenium toxicity can be produced in cattle and sheep by feeding them plants that supply about 2 mg of selenium per kilogram of body weight. Subacute poisoning (known as blind staggers or loco disease) may be induced by large doses of selenium insufficient to kill the animal.
Chronic selenium poisoning in cattle and sheep is caused by daily ingestion of forage containing 5 to 20 yg/g of selenium. Ducks and coots in Kesterson Reservoir exhibit reproductive failure and abnormal development in embryos and chicks, which match symptoms of chronic selenium poisoning described by Moxon and Olsen (1974) and the National Academy of Sciences (1976) .
Subchronic selenium poisoning of animals has been recognized (Brown and de Web, 1962) and is characterized by a generally weakened condition and an increased susceptibility to other diseases.
APPROACH AND METHODS
The approach used in this study was to sample and analyze leaf material for selenium from selenium-accumulating plants to obtain a relative indication of the selenium concentration of the soil. Plants that have smaller concentrations of selenium are assumed to be growing in soils that have smaller concentrations of selenium.
Plants that have larger concentrations of selenium are assumed to be growing in soils that have larger concentrations of selenium; these sites may be suitable for future soil studies. This approach is not limited by the distribution and construction of existing wells or the presence of a shallow ground-water table.
Members of the genus Astragalus have been used in this way to identify seleniferous soils in Wyoming, Colorado, and Canada (Cannon, 1971; Cooper and others, 1974) .
Several species of Astragalus are in the San Joaquin Valley and the interior Coast Ranges; the most common is Astragalus oxyphysus Cray (Diablo locoweed).
A. oxyphysus is a small (about 2 feet tall), perennial, herbaceous plant.
A. oxyphysus is known to be toxic to livestock (Twisselmann and others, 1967; Armstrong, 1984) and is actively destroyed by ranchers.
At the beginning of this study it was uncertain whether A. oxyphysus was an obligate or facultative selenium accumulator, but study findings reported herein suggest that it is a facultative accumulator. A. oxyphysus is generally found in the upper alluvial fans and the terraces and foothills of the interior Coast Ranges; it is not commonly found on the lower alluvial fans and the floor of the San Joaquin Valley.
Because of limitations in the distribution of A. oxyphysus, samples from other plant species were needed to assess the entire study area.
Other species in the San Joaquin Valley that accumulate selenium include members of the following genera: Atriplex, Grindelia, Grayia, and Stanleyo (Carlisle and Cleveland, 1958; Kingsbury, 1984) .
Atriplex lentiformis Gray (quail bush) is a shrub (about 5 to 8 feet tall).
A. lentiformis is important to wildlife for the cover and forage it provides and is known to be a facultative selenium accumulator.
A. lentiformis was selected for study because of its wide distribution in the San Joaquin Valley.
A. lentiformis is most common along the outer edges of the west side alluvial fans but is also found in the upper alluvial fans, the terraces and foothills of the interior Coast Ranges, and in the floor of the San Joaquin Valley.
Leaf material was collected from A. oxyphysus in the foothills of the interior Coast Ranges, and from A. lentiformis in the San Joaquin Valley. Between Kettleman City and Modesto, samples were collected at intervals of about 10 miles.
In the vicinity of Mendota and the Panoche Fan, where shallow ground water was known to contain high concentrations of selenium, the sampling frequency was increased to intervals of about 5 miles.
A statistically rigorous sampling schedule was not possible because plants were not always available at the desired locations. Two sample sites south of Kettleman City were selected at random.
Plants collected in this study were identified using keys prepared by Jepson (1923) and Twisselmann and others (1967) .
At each sample site, 10 grams of material from new growth were collected from healthy, vigorous plants.
Leaflets were collected from A. oxyphysus ( fig. 2) , and entire leaves, excluding the petiole, were collected from A. lentiformis ( fig. 3) .
Because most plants obtain maximum selenium concentrations in new growth at the time of flowering (Carlisle and Cleveland, 1958) , samples were collected from March through April, which is the time of the reproductive cycle.
Samples were collected from A. lentiformis at the same time because this shrub tends to lose its leaves during the hot, dry summer months. Samples were packed in resealable bags, quick frozen in the field using dry ice, and shipped to the U.S. Geological Survey laboratory in Denver, Colorado.
Analyses of leaf material was by two methods.
In method 1, ground leaf material was digested in a sealed combustion bomb at 150°C for 2 hours with a 1:1 nitric-hydrochloric acid mixture (Jennis and others, 1980; Kensaku and Keiichiro, 1984) . When the bomb cooled, its contents were transferred to a beaker containing 10 mL (milliliter) of 6 molar hydrochloric acid and the digestion was continued using the method described by the Association of Official Analytical Chemists (1980) for preparation of plant materials for fluorometric analyses of selenium.
Analyses were completed by automated atomic absorption with hydride generation (Fishman and Bradford, 1982) .
The detection limit of 1 yg/g (dry weight) was limited by the amount of material that could fit in the combustion bomb.
For quality control, analytical blanks as well as standards of certified plant material, NBS1571 orchard leaves were included in the sample suite. Standard additions of calcium selenate were used to insure that the hydride generation step reduced selenate to selenite.
In method 2, ground leaf material was digested in nitric and perchloric acids and hydrogen peroxide was used to help break down the oils and waxes. The selenium was complexed with 2,3-diaminophthaline, and the resulting complex was extracted into 5 ml_ of cyclohexane.
The fluorescence of the extract was measured and compared to that obtained from selenium standards to determine the amount of selenium present in the sample.
With a 1-gram sample, the detection limit is 0.02 yg/g (dry weight). This method had been described in detail by Harms and Ward (1975) .
For quality control, analytical blanks as well as standards of certified plant material, NBS1567 wheat flour, were included in the sample suite.
Using method 1, most of the samples had selenium concentrations less than the detection limit of 1 yg/g.
Results from method 2 were more satisfactory because of the lower detection limit.
Both methods obtained satisfactory recovery of selenium from National Bureau of Standards certified plant material, so that the primary limitations seem to be the amount of material that can fit into the combustion bomb used in method 1 and the omission of the cyclohexane extraction and the 2,3 diaminonapthalene complexation steps.
Future studies involving analyses of plant tissue for selenium should use a digestion procedure that allows an appropriate amount of mate- Analysis by method 1, analysis using method 2 was not done on this sample. rial to be analyzed and insures a suitable detection limit.
Only the results obtained using method 2 are discussed in the remainder of this report.
RESULTS
Selenium concentrations of leaf material from 14 samples of Astragalus oxyphysus ranged from 0.08 to 3.5 yg/g (dry weight), and had a median concentration of 0.25 yg/g (table 1) .
The highest concentration of selenium was from a plant growing in the alluvial fill of the Panoche Creek drainage at site 1F (fig. 4) .
Many plants were observed at this site growing along the edge of a stream cut terrace.
The only other sample to exceed 0.99 yg/g was collected on a shale outcrop in Del Puerto Canyon ( fig. 1 ) at site U ( fig. 4) . Many other plants growing at this site had been destroyed by the landowner.
Selenium concentrations of leaf material from 17 samples of Atriplex lentiformis ranged from 0.08 to 7.5 yg/g (dry weight), with a median concentration of 0.35 yg/g (table 2) .
The highest concentration of selenium was from a plant growing in alluvial fill in Klipstein Canyon at site 2A ( fig. 5 ).
Four other plants had selenium concentrations greater than 0.99 yg/g.
The location of these plants is shown in the inset in figure 5 . Analysis by method 1 , analysis using method 2 was not done on this sample.
DISCUSSION AND CONCLUSIONS
Astragalus oxyphysus was just entering its reproductive cycle when sample collection began; many plants had not begun to flower, and flowers, when present, were fresh.
A. oxyphysus was just ending its reproductive cycle when sample collection ended; many plants had developed seed pods, and flowers, when present, were wilted.
Replicates were collected from six plants growing in the alluvial fill of the Little Panoche Creek drainage at site 1C (fig. 4) Many factors determine the level of selenium in forage and feeds that are toxic to animals.
As a general guideline, the National Academy of Sciences (1980) recommends a maximum safe tolerance level of 2 yg/g (dry weight) of selenium in animal feeds.
One sample of A. oxyphysus exceeded 2 yg/g at site IF (fig. 4 ) in the Panoche Creek drainage.
Three samples of A. lentiformis equaled or exceeded 2 yg/g at sites in Klipstein Canyon (site 2A), Tumey Fan (site 2H), and the Panoche Fan (site 2K) ( fig. 5) .
On the basis of the results of this study, at least some vegetation in Klipstein Canyon, Tumey Fan, the Panoche drainage, and the Panoche Fan can be considered seleniferous.
These sites may be suitable for further soil study.
Because selenium is also an essential micronutrient, Underwood (1971) recommended a dietary intake of 0.10 yg/g (in dry feeds) to prevent selenium deficiency in sheep and cattle.
One sample of A. oxyphysus collected in the Los Gatos drainage at site 1C ( fig. 4) FIGURE5.-Locationof sample sites for leaf material from Atriplex lentiformis.
Discussion and Conclusions 11
The use of plants to identify seleniferous areas is most effective when an obligate selenium accumulator is available. These plants can only grow where soils contain enough selenium to support the metabolic needs of the plant. Brown and Shrift (1982) list 22 species and 14 varieties of Astragalus from around the United States, Canada, and Mexico which are obligate accumulators and whose presence is an indication of seleniferous soils.
Seven additional species are in a similar list compiled by Cannon (1971) .
Most of these species do not grow in the study area and none of the species that are reported to grow in the study area were observed during this study.
Because of the relatively low concentrations obtained during this study, A. oxyphysus should not be added to these lists of obligate selenium accumulators;
and toxicity associated with A.
oxyphysus (Twisselman and others, 1967) may be related to causes other than the presence of selenium. For example, Molyneux and James (1982) have demonstrated that certain species in the genera Astragalus produce alkaloids that are toxic to livestock.
Facultative selenium accumulators can be used to identify seleniferous soils if collection and identification of plants is accompanied by tissue analyses.
To be an effective indicator of seleniferous soils a facultative selenium accumulator must be easily identified, have a distribution which is not greatly limited by environmental factors, and be relatively common within the study area. Both A. oxyphysus and A. lentiformis are easily identified and individual specimens can be seen at a distance. Although intensive agriculture, ranching, and other activities of man have altered the predevelopment distribution of both species, neither species was scarce within the study area.
For smaller scale studies, the distribution of these plants may pose severe limitations.
Other selenium accumulating species may be more suitable for such studies.
Some members of the genus Grindelia are known to be facultative selenium accumulators (Carlisle and Cleveland, 1958) .
Grindelia camporum Creene (Great Valley gumplant) is a common species on the west side of the San Joaquin Valley and in the interior Coast Ranges. C. camporum is commonly observed along roadsides and as a weed in agricultural areas.
It is most obvious in late summer when in flower, although individual specimens may flower at any time during the year. Leaf material from C. camporum was collected near sites 2Q and 2R on March 24, 1984.
Both samples had a selenium concentration of 0.30 yg/g (dry weight).
Leaf material from A. lentiformis collected at sites 2Q and 2R had selenium concentrations of 0.20 and 0.15 yg/g, respectively. Despite the small concentrations obtained from this limited sampling, C. camporum may be useful in identifying seleniferous areas because of its wide distribution in the San Joaquin Valley.
Further work is necessary before plants can be used as indicators of seleniferous soils in the San Joaquin Valley.
Different plant species need to be tested for selenium concentration, and the natural variability of selenium concentrations in individual plants at the same site needs to be determined. The use of plants as indicators of seleniferous soils will be most effective when and if an obligate selenium accumulator is identified.
